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Abstract 

 

This article thesis presents the full design, fabrication, characterization and testing of two 

surface plasmon-polaritons (SPPs) photodetectors operating at telecommunication wavelengths. 

Surface plasmon photodetectors are of great current interest. Such detectors typically 

combine a metallic structure that supports surface plasmons with a photodetection structure based 

on internal photoemission or electron-hole pair creation. We present two metal nano-structures 

supporting SPPs, integrated into a silicon-based Schottky-contact photodetector: an array of 

nanoantennas and nano-gratings. In both structures, incident photons coupled to the array excite 

SPPs on the gold (Au) nanowires of the antennas which decay by creating “hot” carriers in the 

metal. The hot carriers may then be injected over the potential barrier at the Au-Si interface 

resulting in a photocurrent. 

A metal grating is used to couple perpendicularly-incident light to SPPs propagating along 

a thin metal patch forming a Schottky contact to p-Si. The responsivity is enhanced by the 

absorption of SPPs directly along the Schottky contact leading to the creation of hot holes near the 

contact. Our measurements reveal a high responsivity of ~13 mA/W at telecom wavelengths 

(~1550 nm) and under low reverse bias. The responsivity increases with reverse bias. The optical 

bandwidth (FWHM) is ~80 nm. These detectors have many important advantages such as speed, 

simplicity, compatibility with silicon, and low-cost fabrication. 

In the nanoantenna case, high responsivities of 100 mA/W and practical minimum 

detectable powers of −12 dBm should be achievable near 1550 nm which makes monitoring of the 

spectral response very easy. The device was then investigated for use as a biosensor by computing 

its bulk and surface sensitivities. Sensitivities of ∼250 nm/RIU (bulk) and ∼8 nm/nm (surface) in 

water are predicted. We identify the mode propagating and resonating along the nanowires of the 
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antennas, we apply a transmission line model to describe the performance of the antennas, and we 

extract two useful formulas to predict their bulk and surface sensitivities. As a biosensor, this 

structure offers significant advantages as it simplifies the interrogation setup: only the photocurrent 

generated by the device needs to be monitored, and the excitation optics (bottom) is physically 

separated from the micro-fluidics (top) by the device. We also propose a Schottky contact 

photodetector based on electrically-contacted Au nanoantennas on p-Si for the plasmonic 

detection of sub-bandgap photons in the optical communications wavelength range. This 

highly compact component is very promising for applications in high-density Si photonic 

integration. 
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device consisting of a bilayer Au/Ti probe structure, and (bottom) an array of Au electrically-

contacted nanomonopole antennas.                                                                                                                             107 

Illustration 4   The black curve shows an average of five dark I-V characteristics for complete 

device. The inset shows the dark I-V characteristics of the probing structure only.                              107 

Illustration 5   Measured photocurrent response (left panels) of two electrically-contacted 

nanomonopole array photodetectors (VB = −10 mV). The nanomonopoles are 45 nm wide, 17 nm 

thick and 124 nm long (top panels) or 130 nm long (bottom panels). The rapid wavelength 

variations correspond to Fabry-Perot resonances. The corresponding photocurrent vs. incident 

power are also plotted (right panels); the slope of the linear fit gives the responsivity of each device.
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1    Chapter: Introduction 

 

1.1. Objective and Motivation 

Nanometallic structures are key to the conversion of light to surface plasmon-polaritons (SPPs) 

localized to ultra-small volumes. They are essential for several applications including 

photodetection and biosensing as they can provide highly enhanced fields, strong confinement (to 

sub-wavelength scale) and high bulk and surface sensitivities. 

A Schottky barrier photodetector formed at the interface between a metal and a lightly 

doped semiconductor can be used to detect infrared radiation below the bandgap energy of the 

substrate via the internal photoelectric effect (IPE) [1, 2]. Such detectors involving SPP excitations 

in prism [3], grating-coupled detectors [4, 5], waveguides [6, 7] and nanoparticles and 

nanoantennas [8, 9, 10, 11, 12] have been reported; prism coupling to SPPs on a suitable detection 

structure was one of the first types of SPP detectors investigated in [13, 14, 15]. The Otto coupling 

configurations used in these studies has been more popular in experimental work, mostly because 

the detection structures can be fabricated independently, then the prism aligned to the detector in 

the set-up [16].  

Schottky photodetectors based on IPE, integrated with a thin metal stripe waveguide in 

symmetric [17] and asymmetric [18] claddings have also been proposed, operating with long range 

and single-interface SPPs, respectively. Also, SPP metal stripe waveguides with asymmetric 

claddings were investigated for application in integrated Schottky photodetectors on Si [19].  

A nanograting structure can be used as an alternative to a prism to increase the in-plane 

momentum of the incident light in order to match that of the SPP [20] providing compactness and 

manufacturing advantages and high detection sensitivity. A metal-semiconductor (Schottky) 

nanograting structure has been investigated to implement SPP photodetectors [21, 22]. They are 
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sensitive to the angle of incidence, polarization and wavelength of the light. The SPP photodetector 

consists of a Au/Si Schottky diode with a grating and the detector converts the SPP signals into 

electrical signals as photocurrents [23]. Because the responsivity of the SPP detector is closely 

related to the SPP intensity at the Au/Si interface, the grating structure can be optimized in terms 

of the slit pitch and film thickness [24, 25]. Absorption enhancement is therefore observed in the 

detection region as a result of incorporating nanogratings [26]. High responsivity is achievable in 

the presence of nanogratings [27], providing more generated photocurrent. They can also be used 

as means of increasing the speed of photodetection by lowering the detector capacitance and carrier 

transit time [28]. Nanograting structures investigated as SPP photodetectors include either an 

interrogated grating or an array of metal nanowires on a metal-oxide-metal structure, a metal 

semiconductor structure [29], a metal-oxide-semiconductor [30], or a commercial photodiode [31]. 

Small metal particles and antennas exhibit resonant responses under optical excitation, 

structure’s shape, size and composition, the dielectric environment in which they find themselves, 

and the wavelength of illumination [32]. Also, the electric near-fields produced by antennas can 

be of much greater intensity than the incident electric fields, therefore photodetection applications 

are more convenient as it allows the detection volume to shrink, leading potentially to faster 

devices with compelling signal to noise characteristics. 

Although many theoretical and experimental studies have been carried out on various 

aspects of nanogratings, nanoparticles and nanoantennas and their detection applications, 

achieving a sharp resonant peak (which is easier to track) is still a difficult challenge with most 

plasmonic nanostructures. Designing well-defined nanostructures, investigating their 

responsivities and sensitivities systematically, and verifying them experimentally could be done, 

where we obtain all spectral responses by measuring the photocurrent collected into the 
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semiconductor. In this thesis, we deal with two different plasmonic nanostructures operating as 

Schottky barrier photodetectors: plasmonic nanoantenna arrays comprised of Au nanowires of 

rectangular cross-section and a plasmonic detectors of Au nanogratings. High responsivity, large 

sensitivity, operating wavelengths, small dimensions, easy measurement techniques to 

characterize them and lower fabrication costs using the most accessible materials are of their main 

advantages which we will discuss in more details later. In summary, this thesis covers the 

following topics: 

 Design, fabrication and measurements of nanograting-based Schottky 

photodetectors operating at telecommunication wavelength, suitable for wafer 

probing applications; 

 Design, fabrication and measurements of nanoantenna-based Schottky 

photodetectors suitable for detection applications. 

1.2. Thesis outline 

The dissertation material is presented in an integrated article format with each chapter being an as-

published or in-review scientific journal article with self-contained background/theory, discussion, 

references and page numbering. As a result, some of the material may be repeated among the 

articles, particularly introductory matter. The references for non-article materials can be found in 

the References section at the end of this document. 

Chapter 2 presents background material and a comprehensive literature review on 

plasmonics, photodetectors and detection and sensing applications. Chapter 3 begins with first 

nanostructure proposed in this thesis, a nanograting coupler based photodetectors operating at 

telecommunication wavelengths. Chapter 4 deals with the second structure which is a nanoantenna 

array, it brings the design and application point of views. Chapter5 talk about optimization of 
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nanoantenna photodetector proposed in chapter 3 for biosensing applications and suggests other 

type of materials can be used alternatively and finally chapter 6 present experimental results of 

nanoantenna photodetectors. 

 

1.3. Copyright Permissions 

1.3.1 Chapter 2 

The article in this chapter is presented in full and is reprinted with the permission of SPIE Journal 

of Photonics for Energy (JPE). 

[CH2] M. Alavirad, L. Roy and P. Berini, “Surface plasmon enhanced photodetectors based on 

internal photoemission,” SPIE J. Photon. Energy 6(4), 042511 (2016). 

https://doi.org/10.1117/1.JPE.6.042511 

 

1.3.2 Chapter 3 

The article in this chapter is presented in full and is reprinted with the permission of Optics 

Express. 

[CH3] M. Alavirad, A. Olivieri, L. Roy and P. Berini, “High-responsivity sub-bandgap hot-hole 

plasmonic Schottky detectors,” Opt. Express, 24(20), 22544-22554 (2016) 

•https://doi.org/10.1364/OE.24.022544 
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1.3.3 Chapter 4 

The article in this chapter is presented in full and is reprinted with the permission of Optics 

Express. 

[CH4] M. Alavirad, S. S. Mousavi, L. Roy and P. Berini, “Schottky-contact plasmonic dipole 

rectenna concept for biosensing,” Opt. Express, 21(4), 4328-4347 (2013) 
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1.3.4 Chapter 5 

The article in this chapter is presented in full and is reprinted with the permission of IEEE Journal 

of Selected Topics in Quantum Electronics (IEEE JSTQE). 
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Arrays for Sensing Applications,” IEEE J. Sel. Top. Quant. 20(3), 7-14 (2014) 
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1.3.5 Chapter 6 
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[CH6] M. Alavirad, A. Olivieri, L. Roy and P. Berini, “Sub-bandgap photodetection with 
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2    Chapter: Background and Literature Review 

The following article entitled “Surface plasmon enhanced photodetectors based on internal 

photoemission” was published in SPIE Journal of Photonics for Energy, Volume 6, Issue 4 on Oct. 

2016 and is presented in full and in a plain format. 

The article surveys the relevant literature comprehensively. It was performed solely by the 

primary author under supervision and guidance of the co-authors. In this review paper, authors 

report on the operating principles behind surface plasmon-polaritons photodetectors based on the 

internal photoelectric effect, and they survey and compare the most recent and leading edge 

concepts reported in the literature. This is significant and of great importance because the progress 

on SPP photodetectors has been rapid in the recent years, and interest on the topic continues to 

increase by the fact that it enables sub-bandgap detection so the optical bandwidth of a detector 

can be extended to photon energies below the bandgap of the semiconductor. This article prompts 

a review of most recent works in this area. It also highlights avenues that appear promising. 

Reader of review paper in chapter 2 might need to know the background of Maxwell 

equations applied to a metal-semiconductor interface. Thereafter, the surface plasmon polaritons 

(SPPs) concepts are explained clearly but it worth that we discuss bases of surface plasmons (SPs) 

and difference between SPPs and SPs beforehand. 

If we talk about a neutral plasma (which can be the free charges in a metal) and we are 

enabled to pull the negative and positive charges apart and let them go, they would oscillate due 

to the electrostatic potential. This is an excitation known as a plasma oscillation. A Plasmon is the 

quasiparticle associated with plasma oscillations (analogous to phonons being the quasiparticles 

associated with mechanical vibrational modes). Surface plasmons (SPs) are plasmon excitations 

at the boundary of the material. Polaritons are quasiparticles that exist when an EM mode is 

http://en.wikipedia.org/wiki/Plasma_oscillation
http://en.wikipedia.org/wiki/Polariton
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strongly coupled to some other type of mode, i.e. if light strongly couples to some other physical 

excitation then the particle picture is inaccurate if we treat the 2 degrees of freedom separately, so 

instead of saying we have some photons and we have some particles representing the excitation, 

instead we are dealing with a hybrid particle that is simply called a polariton. Because there are 

lots of types of excitations, such particles are called [*] polaritons, where [*] is the name of the 

particles of the excitation. 

Therefore, Surface plasmon polaritons (SPPs) are the quasiparticles of the coupled 

modes of an EM field and a surface plasma oscillation. Although SPs are not the same as SPPs, 

from the context the two are rarely confused. In addition, the charge oscillations will create an 

EM field, and so we cannot create an SP without it automatically being part of an SPP. And 

since "surface plasmon polaritons" is a mouthful people often use the term SP even when they 

are referring to the entire excitation itself and therefore they technically mean SPP. 

Also, it is worth to be mentioned that throughout the paper we use sab
0 annotation to denote 

bounding mode propagating along the Au/Si interface. The two letters in this mode annotation 

represent the symmetry or asymmetry of the fields in the vertical and horizontal axes respectively, 

while the subscript notes the bound nature of the mode, and the superscript indicates the mode 

order (also number of times the fields change sign in the horizontal direction in the metal). There 

are two visualization along with the Fig. 1 in the chapter 3 of this thesis which show a nice video 

of the discussed asymmetric SPP mode. 
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2.1. Introduction 

Surface plasmon polaritons (SPPs) are plasma oscillations of free electrons coupled with optical 

fields localized along the interface of a metal and a dielectric [33, 34]. SPPs are  promising  for 

several applications including optical data centre interconnects [25, 35, 36, 37], solar  cells [38, 

39, 40] and  bio(chemical) sensors [41, 42, 43, 44, 45, 46]. In such applications surface plasmons 

(SPs) are excited by light and supported on a variety of metal and dielectric structures including 

planar arrangements of metal and dielectric films [47], metal gratings (or hole arrays) [36, 48, 49], 

a prism [50], a metal edge [51, 52], and metal nanoparticles such as islands, spheres and rods [53, 

54], or nanoantennas [55, 56]. The ability of SPs to resonate or propagate on metallic structures 

enables them to have interesting and useful attributes such as high bulk and surface sensitivities, 

sub-wavelength confinement and energy asymptotes in dispersion curves which have led to many 

different applications.  

Recently the decay of plasmons into hot carriers (electrons or holes) has attracted considerable 

interest [57] due to applications in energy harvesting, photocatalysis and photodetection [58]. 

Specifically, an SP photodetector is a device capable of converting an optical signal to an electrical 

signal by detecting surface plasmons (light) or involving them in the photodetection mechanism. 

Such photodetectors typically combine a metallic structure that supports SPPs with photonic 

detection based on internal photoemission (IPE) or electron-hole pair (EHP) creation. IPE is useful 

for detection of light at energies below the bandgap of the semiconductor when incident radiation 

of energy hν is greater than the Schottky barrier energy, ΦB, and is of particular interest to extend 

the detection bandwidth of technologically important materials such as Si [59]. However, the 

creation of EHPs in the semiconductor is more efficient and dominates over IPE when hν is greater 

than the bandgap energy of the semiconductor Eg. In terms of photodetection, hot (energetic) 
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carrier devices are typically formed by placing the metal surface in contact with a semiconductor 

[35, 60], forming a Schottky barrier. Hot carriers generated from the nonradiative decay of SPPs 

can transport to the metal-semiconductor interface and be injected into the conduction band of the 

semiconductor, resulting in photocurrent [61]. The main advantages of these photodetectors reside 

in their extremely high speed, in their simple fabrication process and small dimensions, 

comparable to those of highly integrated electronic circuits [54, 56]. 

The internal quantum efficiency of IPE photodetectors is low compared to that of 

photodetectors based on EHP, and this limits their application in power monitoring and in the 

telecommunications fields. The low quantum efficiency is a direct result of hot carrier transport 

limitations, initially through the metal in which they are generated (due to scattering), then across 

the Schottky barrier and into the semiconductor, where hot carriers which do not have enough 

energy to overcome the Schottky barrier are reflected and do not contribute to photoemission. An 

additional factor limiting the external quantum efficiency (responsivity) is the low absorption of 

incident light by metals, as they are highly reflective. 

In recent years, new approaches and structures have been proposed in order to overcome such 

limitations. The generation of hot carriers in plasmonic nanostructures is a very promising energy 

conversion mechanism, and it has found interesting applications in photovoltaic and photocatalytic 

devices. Clavero has reviewed the fundamentals of hot-electron generation, injection and 

regeneration in plasmonic nanostructures allowing optimum utilization of the solar spectrum [57], 

highlighting interesting applications in photovoltaic and photocatalytic devices. This new energy-

conversion method holds the promises of high conversion efficiencies, while keeping fabrication 

costs low. Progress on SP photodetectors has been rapid, and interest on the topic continues to 

increase, prompting a review of most recent works in this area. Brongersma et al. [62] and Berini 
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[63] highlight many opportunities for the generation and use of plasmon-induced hot carriers in 

nanostructures. Our objectives in this review are to describe the operating principles behind SP 

photodetectors based on IPE, summarize the most recent progress in this area, and highlight 

avenues that appear promising. 

2.2. Operating Principles of IPE-based Devices 

We first begin with some theoretical background useful to clarify the working principles of IPE-

based devices. An e+jωt time-harmonic dependence is assumed throughout. The relative 

permittivity is denoted εr, and is written for a metal in terms of real and imaginary parts as εr,m = 

−εR – jεI. k denotes a generic wavevector and k its magnitude. k0 = 2π/λ0 = ω/c0 is the wavenumber 

of plane waves in vacuum, λ0 the wavelength in vacuum, c0 the speed of light in vacuum and ω = 

2πν is the angular frequency. 

2.2.1. Single Interface SPPs 

Fig. 1 shows the simplest planar structure sustaining SPPs is that of a single, flat interface 

between a dielectric, non-absorbing half space (y>0) with positive real dielectric constant εr,d and 

an adjacent conducting half space (y<0) described via a dielectric function εr,m(ω). This structure 

is termed the single interface SPP waveguide. The metallic character requires that Re{εr,m(ω)} < 

0 (εR > 0). For metals this condition is fulfilled at frequencies below the bulk plasmon frequency 

ωp [33].  
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Fig. 1 (Adapted from [64]) Single-interface SPP and waveguide. The relative permittivity of the metal is denoted εr,m 

and that of the dielectric εr,d. The distribution of the main transverse electric field component (Ey) of the SPP is 

sketched in blue on the structure. 

Highly conductive metals and good dielectrics are usually used to implement SPP structures. 

Au is a relevant and good choice given its chemical stability and low loss among the other metals. 

Ag and Cu are also good choices but they are reactive so passivation is required. Other good 

choices are metals satisfying the condition εR >> εI; nevertheless, many other materials may offer 

advantages for collecting these hot carriers. In [65] by considering the expected hot carrier 

distributions based on the electron density of states (EDOS) for 16 different materials ranging from 

metals (Au, Ag, Cu, Al, Fe, Pt, Ti, and Y), alloys (Ag-Cu, Al-Ga, Au-Pt, and AlOCu), and 

nanostructures (Ag and Au nanowires, carbon nanotubes, and graphene), the authors predict the 

preferred hot carrier type for collection and their expected performance under different 

illumination conditions. Proper material selection is then achieved by knowing carrier energy 

distributions, which are extremely sensitive to the details of the electronic bandstructure. For 

example Cu and Au generate hot holes that are much more energetic than electrons, while Ag and 

Al distribute energies more equitably between electrons and holes [66]. 

Metals are dispersive at optical wavelengths. Away from intraband transitions, the permittivity 

can be accurately modeled via the Drude equation which captures their dispersive character [33]: 

 
𝜀𝑟,𝑚 = −𝜀𝑅 − 𝑗 𝜀𝐼 = 1 −

𝜔𝑝
2

𝜔2 + 1 𝜏2⁄
− 𝑗

𝜔𝑝
2 𝜏2⁄

𝜔 (𝜔2 + 1 𝜏2⁄ )
 

(1) 
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where ωp is the plasma frequency and τ the relaxation time. The Drude region of the permittivity 

of a real metal corresponds to the region of the electromagnetic spectrum where Eq. (1) is 

approximately satisfied, which for several metals runs from the visible to the infra-red. The 

permittivity approaches that of a perfect electric conductor as the wavelength increases into the 

far-infrared and beyond. 

The single-interface SPP waveguide supports non-radiative SPP mode (one-bound) that is 

transverse magnetic (TM) and may propagate at any angle in the plane of the interface. The SPP 

fields (Ey, Ez and Hx) are confined in the y direction, with maxima at the interface, and decaying 

into both media. The main transverse electric field component (Ey) of the SPP is sketched on the 

structure of Fig. 1 as the thick curve. The field penetration in the metal δm is much smaller than 

that in the dielectric δd. The SPP is confined because the metal and dielectric have Re{εr} of 

opposite signs at the wavelength of interest. The wavenumber of the single-interface SPP is given 

by [33]: 

 
𝑘𝑆𝑃𝑃 = 𝑘0 (

𝜀𝑟,𝑚 𝜀𝑟,𝑑

𝜀𝑟,𝑚 +  𝜀𝑟,𝑑

)

1
2⁄

 
(2) 

For a dielectric cladding that has no loss (Im{εr,d} = 0) the above simplifies to the following 

approximate expressions for the real and imaginary parts of the wavenumber [33]: 

 
𝑘′ ≅ 𝑘0 (

𝜀𝑅 𝜀𝑟,𝑑

𝜀𝑅− 𝜀𝑟,𝑑
)

1
2⁄

 and 𝑘′′ ≅ 𝑘0
𝜀𝐼

2𝜀𝑅
2 (

𝜀𝑅 𝜀𝑟,𝑑

𝜀𝑅− 𝜀𝑟,𝑑
)

3
2⁄

 
(3) 

Fig. 2 gives the dispersion of the SPP (E = hν in eV versus k', h is Planck’s constant) on a 

Ag/SiO2 single-interface [64] with the light-line in SiO2 plotted as the dash-dot curve. As the 

frequency decreases, the metal approaches a perfect electrical conductor, so the SPP confinement 

decreases and its dispersion merges with the light-line. As the frequency increases, the SPP 

dispersion approaches the energy asymptote, apparent in Fig. 2 near E ~ 3.4 eV (λ0 ~ 360 nm), and 

k' becomes large.  
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Fig. 2 (Adapted from [64]) Dispersion curve of the SPP along a Ag/SiO2 semi-infinite interface; the light line in 

SiO2 is plotted as the green dash-dot curve. 

The optical density-of-states increases and the group velocity decreases near the energy 

asymptote. Bend-back in the SPP dispersion is observed for frequencies above the asymptote (hν 

> 3.4 eV), linking the bound SPP on the right of the light-line to the radiative SPP on the left. The 

bound SPP (right of the light line - Fig. 2) cannot be directly excited by incident light - an additional 

structure is needed in order to increase the in-plane wavenumber of the light to match that of the 

SPP; a corrugated grating or a prism is commonly used to accomplish this task [33].  

2.2.2. Internal photoemission (IPE) 

A conventional Schottky photodiode on n-type Si is sketched in Fig. 3(a) [67], and used to describe 

two detection mechanisms that can be used to detect SPPs. The structure is convenient for the 

detection of SPPs because the latter may propagate along its metal surfaces, particularly along the 

metal-Si interface. 



29 

 

 

Fig. 3 (Adapted from [63]) (a) Schottky diode on n-Si illuminated by light of photon energy hν (green). Reverse 

biasing (Vb < 0) is assumed. Electrons are shown by filled dark blue circles and holes by unfilled ones. (b) Energy 

band diagram of a Schottky contact on n-Si and the 3-step internal photoemission process consisting of p – 

photoexcitation, t – transport, e – emission. EC and EV are the conduction and valence band edges, respectively, EF is 

the Fermi level, and ΦB is the Schottky barrier height. 

Two mechanisms for photodetection are sketched in Fig. 3(a): The first is creation of electron-

hole pairs (EHPs) in Si due to the absorption of incident radiation of energy hν greater than the 

bandgap energy Eg. This mechanism, labeled EHP, involves the 3 steps of optical absorption and 

creation of EHPs, separation of EHPs, and transport under reverse bias for collection as the 

photocurrent. The second is the internal photoemission (IPE) of hot carriers (electrons in this case) 

created in the metal due to absorption of incident radiation of energy hν. This mechanism, labeled 

IPE, is described via the energy band diagram of Fig. 3(b): IPE is also a 3-step process consisting 

of photoexcitation of hot (energetic) carriers in the metal, transport with scattering of hot carriers 

towards the metal-Si interface, and the emission of hot carriers over the Schottky barrier into the 

semiconductor where they are collected as the photocurrent. IPE requires that hν be greater than 

the Schottky barrier energyΦ, and is a useful process for ΦB< hν < Eg, i.e., for detection at 

energies below the semiconductor bandgap. 
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The internal quantum efficiency ηi is defined as the number of carriers that contribute to the 

photocurrent Ip per absorbed photon per second: 

 
𝜂𝑖 =

𝐼𝑃 𝑞⁄

𝑆𝑎𝑏𝑠 ℎ𝜈⁄
 

(4) 

where Sabs is the absorbed optical power and q is the electronic charge.  

For detection using IPE, if hν << EF and there is no bandgap then it can be assumed that the density 

of states is approximately constant, so ηi is given approximately by [68]: 

 
𝜂𝑖 =

1

2
 (1 − √

Φ𝐵

ℎ𝜐
)

2

 
(5) 

for absorption in the metal only and near the Schottky contact. Example Schottky barriers are ΦB 

= 0.34, 0.8, 0.58 and 0.72 eV for Au/p-Si, Au/n-Si, Al/p-Si and Al/n-Si [67]. At λ0 = 1310 nm, ηi 

ranges approximately from 0.3% to 9%. The external quantum efficiency ηe and responsivity R 

describe how a detector performs upon insertion in a system. ηe is defined as: 

 
𝜂𝑒 =

𝐼𝑃 𝑞⁄

𝑆𝑖𝑛𝑐 ℎ𝜈⁄
 

(6) 

where Sinc is the incident optical power. ηe and ηi are related by: 

 
𝜂𝑒 = 𝐴 𝜂𝑖  

(7) 

where A is the absorptance, given by: 

 
𝐴 =

𝑆𝑎𝑏𝑠

𝑆𝑖𝑛𝑐
 

(8) 

The responsivity of a photodetector is given by the ratio of the photocurrent to the incident optical 

power and can be expressed in terms of ηi and ηe as: 

 
𝑅 =

𝐼𝑝

𝑆𝑖𝑛𝑐
=

𝜂𝑒𝑞

ℎ𝜈
=

𝐴𝜂𝑖𝑞

ℎ𝜈
 

(9) 

IPE can be enhanced in several plasmonic structures as discussed in the following sections. It 

should be mentioned that the creation of EHPs can also be enhanced by involving SPPs. Also it is 
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important to mention that plasmon hot carrier generation results in higher-energy electrons than 

direct excitation [69]. 

The probability for photon absorption is proportional to the square of the local electric field 

inside the metal. Planar metal surfaces reflect most of the incident light, and light absorption is not 

very efficient. The importance of plasmons to enhance light absorption in the near-surface region 

of a metal and consequently enhance photoemission processes has been highlighted in the past 

[70]. In metallic nanostructures light absorption can be further enhanced by exciting localized 

surface plasmon resonances. This produces an antenna effect resulting in light collection from an 

area that is larger than the physical size of the nanostructure [71]. The associated light 

concentration has been verified by, and used in, surface-enhanced processes, including Raman 

spectroscopy [72], photochemistry [73], and the photoexcitation of nearby quantum emitters [56]. 

Also knowledge of the imaginary part of the permittivity of a metal provides a means for 

optimizing hot carrier generation. For instance, by tuning a plasmon mode to energies where the 

imaginary part of the permittivity is large, maximizing the hot carrier production is possible. This 

tuning can be performed either by exploiting the unique geometrical tunability of localized surface 

plasmon resonances (LSPRs) of metallic nanoparticles, or by fabricating composite structures 

consisting of both noble metals [74] and metals with strong intraband transitions (such as transition 

metals) [75]. 

 Fig. 4(a) shows photoexcitation following the illumination of a metal nanoparticle with a 

femtosecond source pulse. Excitation of SPPs guides the flow of light (Poynting vector) towards 

and into the nanoparticle. Larger nanoparticles and shorter lifetimes result in higher carrier 

production rates but smaller energies [76]. By following the trajectories of photoemitted electrons 

created by intense laser pulses, researchers have also been able to map the evanescent fields around 
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plasmonic nanoparticles. In Fig. 4(b) one can see that electrons are preferentially emitted from 

regions of high field intensity (hot spots) and subsequently accelerated within the evanescent tail 

of plasmons resonating on nanoparticles. 

 

Fig. 4 (a) (Adapted from [62, 77]) Photoexcitation processes following the illumination of a metal nanoparticle with 

a femtosecond laser pulse; the excitation of a localized surface plasmon redirects the flow of light (Poynting vector) 

towards and into the nanoparticle, (b) (Adapted from [78]) Simulation of field enhancement in a plasmonic bowtie 

nanoantenna and the resulting electron trajectories.  

This enables the steering of photoemitted carriers in directions determined by particle geometry 

[78]. Precisely designed plasmonic nanostructures can significantly enhance photon absorption 

and convert incident light into hot carriers [79]. 

2.3. IPE-based Photodetectors 

A Schottky barrier photodetector formed at the interface between a metal and a lightly doped 

semiconductor can be used to detect infrared radiation below the bandgap energy of the substrate 

via IPE [2, 80]. Such detectors involving SPP excitations in prism [81], grating-coupled detectors 
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[5], waveguides [35, 82] and nanoparticles and nanoantennas [12, 41, 60, 83, 84] have been 

reported; prism coupling to SPPs on a suitable detection structure was one of the first types of SPP 

detectors investigated in [85]. The Otto coupling configuration used in these studies has been more 

popular in experimental work, mostly because the detection structures can be fabricated 

independently, then the prism aligned to the detector in the setup [63]. 

2.3.1. Grating Detectors 

A grating structure can be used as an alternative to a prism to increase the in-plane momentum of 

the incident light in order to match that of the SPP [33] providing compactness and manufacturing 

advantages and high detection sensitivity. In particular, the grating coupling method is convenient 

to excite SPPs on a detector [48, 51], because the arbitrary wavenumber of the diffracted light can 

be generated by simply changing the grating pitch. The coupling condition of an SPP at a metal 

surface containing a grating is described by the following equation: 

 
𝑘𝑠𝑝𝑝 = 𝑘0 𝑠𝑖𝑛(𝜃𝑖) + 𝑀

2𝜋

𝛬
 

(10) 

where 𝑘𝑠𝑝𝑝 is the wavenumber of the SPP parallel to the metal surface, 𝑘0 is the wavenumber of 

the incident light, 𝜃𝑖  is the angle of incidence of the light, 𝑀 is the grating order and Λ is the grating 

pitch. Gold nanogratings on Si have been shown to successfully couple incoming optical light to 

SPPs excited at the nanograting-Si interface [86]. A metal-semiconductor (Schottky) nanograting 

structure has been proposed as an SPP photodetector [87, 88], sensitive to the angle of incidence, 

polarization and wavelength of light. The SPP photodetector consists of a Au/Si Schottky diode 

with a grating also used as the metal contact, and the detector converts SPP signals into 

photocurrent [89]. Because the responsivity of the SPP detector is closely related to the SPP 

intensity at the Au/Si interface, the grating structure can be optimized in terms of the slit pitch and 

film thickness [24, 25].  
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Fig. 5 shows a novel grating structure forming an Au/Si Schottky type SPP detector, producing 

a responsivity of 38 μA/W (under no electrical bias) [24].  

 

Fig. 5 (Adapted from [24]) (left) Structure of Au/Si Schottky-type SPP detector with a nanoslit grating. (right) Slit 

pitch dependencies on SPP intensity and photocurrent for ring type grating when slit pitch varies in the range of 440 

nm to 1280 nm. 

An efficient nano-slit grating arrangement that affects the phase conditions at both the air/Au 

interface and the Au/Si interface has been studied. When the slit pitch was nearly equal to an 

integral multiple of the SPP wavelength at the Au/Si interface, a higher intensity SPP mode was 

excited at the Au/Si interface outside the slits. Also, while the phase matching conditions were 

satisfied at the Au/Si interface, the anti-phase interference of the SPP mode along the air/Au 

interface outside the slits was also confirmed. Experimentally, similar results were confirmed as 

an SPP photodetector with a ring-type grating that has a polarization-independent photocurrent. 

Light coupling, guiding and photodetection can be combined in the same structure. Fig. 6 

shows a simple metal/semiconductor SPP structure consisting of a SPP waveguide and a detector 

where the SPP couples from the waveguide to the photodetector [25]. The air/Au interface is used 

for guiding SPPs and the SPPs propagate at this interface without large losses. To convert the SPPs 

into an electrical signal using internal photoemission, the propagating SPPs are coupled to the 
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Au/Si interface by the diffraction structure consisting of a multi-slit structure and a disk array. A 

tunable laser was set to the wavelength of 1550 nm, emitting an optical power in the range of 0 to 

10 mW. The photocurrents detected at the Au/Si interface are much larger when compared with 

those detected for the device without the diffraction structure (26 times for the multi-slit structure 

and 10 times for the disk array). This kind of device is targeted to be used as a low-loss SPP 

waveguide and detector in photonic integrated circuit applications and wavelength filters 

controlled by the slit pitches. 

 

Fig. 6 (Adapted from [25]) Scanning electron micrographs (SEMs) of (a) a device used to evaluate the 

photoresponse measured by the devices with diffraction structures, (b) the multi-slit structure, (c) the disk array 

structure, and (d) no diffraction structure in place, (e) Photoresponses of the devices with each of the diffraction 

structures, (f) Polarization angle dependence of the photocurrent detected by the device with the multi-slit structure. 
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Sobhani et al. presented a grating Schottky photodetector based on IPE with the geometry shown 

in Fig. 7, enabling three times narrower spectral response than observed for nanoantenna-based 

devices [58]. The responsivity of this device (~0.6 mA/W at zero bias voltage) is similar to 

responsivities reported in the literature for SPP detectors [35]. 

The internal quantum efficiency of this photodetector is ~0.2%, 20 times larger than the 

previously reported literature value of 0.01% for nanoantenna-based devices [60]. Unlike previous 

devices, this responsivity maintains its narrow full width at half maximum (FWHM) bandwidth of 

nominally 54 meV, narrower by a factor of more than three compared to previously reported 

devices [60]. 

 
Fig. 7 (Adapted from [58] (a) Schematic of a gold grating on an n-type Si with a 2-nm Ti adhesion layer, oriented 

transverse to the laser polarization. The polarization of the incident beam and its k vector are represented by yellow 

and green arrows, respectively, (b) SEM image of a gold grating structure with a grating thickness (T) = 200 nm, 

interslit distance (D) = 950 nm and slit width (W) = 250 nm. For all structures the array measured 12×12 μm2. The 

scale bar is 1 μm. (c) Responsivities of grating-based photodetectors for three different gold layer thicknesses, T = 

93 nm (black), 170 nm (grey) and 200 nm (green), showing a strong intensity dependence on grating thickness. 
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Although studies have been carried out on various aspects of nanogratings and their detection 

applications, achieving a high infrared (sub-bandgap) responsivity over a broad spectral range on 

low-cost Si remains a difficult (and worthwhile) challenge. In [90] Alavirad et al. proposed a novel 

plasmonic Schottky photodetector consisting of a Au nanograting on a thin metal patch on p-type 

Si, as shown in Fig. 8, providing detection via the IPE of hot holes generated in the patch along 

the Schottky contact. This structure produced some of the highest responsivities reported to date 

in the literature, of about 13 mA/W (with no electrical bias) at 0 ~ 1550 nm. The RC time constant 

limited electrical bandwidth of this device is predicted to be up to ~26 GHz. Gathered into arrays, 

these small area devices are capable of aggregate bandwidths into the Tb/s range. These detectors 

have many important advantages such as simplicity, compatibility with silicon, and low-cost 

fabrication. 

 

Fig. 8 (Adapted from [90]) (a) Scanning electron micrographs of an uncoated Au/p-Si nanograting photodetector. 

The pitch of the device is measured of 406 nm (400 nm designed) and the thickness of the Au patch is measured as 

29.8 nm (20 nm designed) and its duty cycle of this is 60%, (b) Measured photocurrent response of three grating 

photodetectors; VB = -100 mV, Λ = 390, 400 and 410 nm, duty cycle of 62% and patch diameter of 25 μm, (c) 

Photocurrent generated by grating detectors vs. incident power Pinc measured for three different pitches. A linear fit 

is applied to the data and the slope corresponds to the responsivity of the device. 
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2.3.2. MIM, MOM, MSM and MIS Detectors 

Other nanostructures investigated as SPP photodetectors include gratings or arrays of metal 

nanowires on metal-oxide-semiconductor structures (MOS) [30], metal-oxide-metal (MOM) 

structures [91], or on a commercial photodiode [92]. In these planar junctions, the excitation of 

propagating SPPs can enhance efficiency. Brongersma et al. have examined the phenomenon of 

photocurrent generation by hot electrons in wavelength-scale metal-insulator-metal (MIM) 

tunneling devices [93] and enhanced their efficiency by reshaping one of the metal contacts of the 

Au/Al2O3/Au junction into an array of metal nanowires that support resonating SPPs, as depicted 

in Fig. 9. The voltage dependence, spectral dependence, nanowire width dependence and 

polarization dependence of the photocurrent were examined experimentally.  

 

Fig. 9 (Adapted from [67]) (a) Schematic illustration of a typical device featuring a series of MIM crossbar junctions 

formed between a wide bottom electrode and a set of nanoscale top electrodes. The directions of the electric field for 
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transverse electric (TE) and transverse magnetic (TM) illumination are as depicted. (b) SEM image of a device with 

a 470 nm wide top electrode. The inset shows a cross-sectional image of the device, composed of an oxide layer 

sandwiched by top and bottom metal layers. (c) Photocurrent image of the device taken at an illumination 

wavelength of 400 nm with TM polarization overlaid on the SEM image of the device. The red color corresponds to 

7 pA and blue indicates a close to zero photocurrent. 

Fig. 9(c) shows an image photocurrent taken from a device with a 470 nm wide stripe overlaid 

on its SEM image (no bias voltage). It is clearly observed that photocurrent is generated only in 

the regions where the top electrodes overlay the wide bottom electrode to form a series of 

nanoscale MIM junctions. Finally, they measured the spectral dependence of the responsivity of a 

detector with 750 nm wide stripes upon illumination with TM polarized light with the bias voltages 

in the range from −0.4 to +0.4 V and obtained a maximum value of ~0.55 mA/W in the visible 

range. In modern optical communication systems, high efficiency (realized from some parameters 

such as size, responsivity, dark current and photocurrent) photodetectors at the communication 

window with the wavelength of 1550 nm are strongly desired. Wu et al. designed an MIM IPE-

based photodetector exhibiting an unbiased responsivity of 0.1 mA/W and an ultra-narrow 

response band (FWHM = 4.66 meV), which promises to be a candidate as the compact 

photodetector operating in communication band [94]. 

Casalino et al. presented a Si on insulator (SOI) waveguide Metal-Semiconductor-Metal 

(MSM) photodetector, based on IPE and working at a wavelength of 1550 nm [95]. Taking 

advantage of the MSM structure, their device is able to increase responsivity by lowering the 

barrier. At the same time, a very low dark current is achieved both by depositing a very small 

active metal area and by realizing a device with asymmetric electrodes [96]. Fig. 10(a) shows the 

SOI structure obtained by depositing the absorbing Cu metal strictly around the output vertical 

facet of a SOI rib waveguide. 



40 

 

 

Fig. 10 (Adapted from [95]) (a) Schematic of the proposed photodetector integrated with SOI waveguide, (b) 

Responsivity vs reverse voltage applied at 1550 nm. 

This active metal is in contact with a large Al pad deposited on the buried oxide layer of the SOI 

structure, and therefore does not contribute to the dark current or the junction capacitance. A 

second large Al electrode was deposited on the Si substrate to collect the generated photocurrent. 

In Fig. 10(b) the responsivity of MSM photodetector versus bias voltage measured at 1550 nm is 

shown. It reaches a maximum value of about 4.5 mA/W at −21V. 

Another alternative for conventional metal-semiconductor Schottky junction is a choice of 

metal-insulator-semiconductor (MIS) heterojunction which reduces dark current significantly, 

resulting in increased device performance [97]. 

2.3.3. Nanoparticles Detectors 

In recent years plasmonic energy conversion has been proposed as a promising alternative to 

conventional electron-hole separation in semiconductor structures. This emerging method is based 

on the generation of hot carriers in plasmonic devices through the decay of surface plasmons. 

LSPRs occur in well-designed nanostructures in which confined free electrons oscillate with the 

same frequency as the incident light and eventually enter resonance, giving rise to enhanced, highly 

localized electromagnetic fields. Therefore, such nanostructures have been investigated as very 
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efficient light-trapping elements that can be integrated into photovoltaic cells to considerably 

increase the quantum efficiency of conventional schemes [57]. Many studies have considered 

plasmonic hot-electron generation with application to both photovoltaic and catalytic devices.  

Many of these studies considered Au or Ag nanoparticles in contact with TiO2 [98, 99, 100, 

101], as shown in Fig. 11. The Au-Nanoislands (Au-NIs) annealed at 800 °C tightly contacted the 

TiO2 surface and appeared to be incorporated into the interfacial structure atomic layers. Electron 

energy loss spectroscopy (EELS) measurements were obtained to characterize the interfacial 

structure of the Au-NIs/TiO2. In EELS, the corresponding core edge (the titanium (Ti) L23 edge) 

in the spectrum provides information about the electronic nanostructure and symmetry 

coordination of the excited atom. Measurements show extinction spectra of Au-NIs/TiO2 prepared 

under 800 °C annealing. Although the extinction values at the peak wavelength are different, all 

the Au-NIs/TiO2 show plasmon peak at the wavelength range from 600 nm to 630 nm. 

 

Fig. 11 (Adapted from [99]) (left) High-resolution transmission electron microscopy (HR-TEM) images of the 

cross-section at the interface of the Au-NIs and the TiO2 annealed at 800°C, (right) The incident photocurrent 

efficiency (IPCE) action spectrum measured with the Au-NIs/TiO2 photoelectrode (red) and the extinction spectrum 

of the Au-NIs/TiO2 photoelectrode (black). The applied potential was 0.3 V versus a saturated calomel electrode 

(SCE) 
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In further recent developments, multiple combinations of materials have been proposed to 

enable hot carrier detectors and catalytic devices. Some examples include multilayer assemblies 

of Pt nanoparticles on TiO2 thin films [102], Ag-decorated TiO2 nanotube arrays [103] as shown 

in Fig. 12, ZnO nanorods decorated with Au nanoparticles [104], and hierarchical Au–ZnO flower-

rod heterostructures [105] as shown in Fig. 13.  

Referring to Fig. 12, Au nanoparticles are well dispersed on the surface of TiO2 nanotubes of 

metallic state. The SPP resonance (SPR) effect of Ag nanoparticles extends the visible light 

response and consequently enhances the absorption capacity of TiO2. They can also restrain the 

recombination of photo-generated EHPs in TiO2 nanotubes efficiently. Experimental results prove 

that Ag/TiO2 nanotube devices have better photocatalytic performance than pure TiO2 nanotubes 

and their corresponding hydrogen evolution rate is 3.3 times as that of the latter. 

 
Fig. 12 (Adapted from [103]) SEM of Ag nanoparticles in TiO2 nanotubes 

The Au/ZnO samples in Fig. 13 are made through a thermal decomposition method. Au 

nanoparticles were loaded on oriented hierarchical ZnO flower-rod heterostructures. 

Measurements reveal that there is an electronic interaction between the Au nanoparticles and ZnO 

flower-rods, and more oxygen molecules are adsorbed on the surface of Au/ZnO heterostructures. 
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They show a strong absorbance in the visible region due to SPR and enhance the separation of 

EHPs, resulting in the improvement of photocatalytic activity under visible light radiation. 

 
Fig. 13 (Adapted from [105]) SEM of Ag on ZnO flower-rod heterostructures. 

Small metal nanoparticles exhibit resonant responses under optical excitation, dependent on 

the structure’s shape, size and composition, the dielectric environment in which they find 

themselves, and the wavelength of illumination [54]. Nazirzadeh et al. presented a broadband near 

infra-red (NIR) Si Schottky photodetector consisting of Au nanoislands (randomly-sized) formed 

on an n-type Si substrate, fabricated by rapid thermal annealing of a thin Au film [12]. Their device 

structure is shown in Fig. 14. Its potential monolithic integration with electronics makes it 

promising for ultra-low-cost NIR imaging in large volume applications such as automotive and 

security, in addition to telecommunications. The measured photoresponse of the devices extend up 

to 0 = 2 μm and the responsivities at 1.3 μm and 1.55 μm are 2 mA/W and 0.6 mA/W, respectively. 
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Fig. 14 (Adapted from [12]) (a) Depiction of broad-band NIR Si Schottky photodetector. Au nanoislands are formed 

on n-type Si by rapid thermal annealing of a thin Au film. Si substrate is used as the bottom contact; and Au 

nanoislands together with the AZO capping layer constitute the top contact, (b) SEM image of the samples annealed 

at 450 oC. 

Several works have provided insight into the localization of hot electron generation in 

plasmonic nanostructures. Dombi et al. demonstrated the ultrafast generation of hot electrons from 

tailored metallic nanoparticles and realized the role of plasmonic field enhancement in this process 

by comparing resonant and off-resonant particles, as well as different nanorod geometries. These 

nanoparticles offer the possibility of tailoring nanoscale electric fields with high-level control over 

the plasmonic resonance, which can be overlapped with the spectrum of the exciting laser pulse to 

achieve field enhancements of the incident radiation by factors of up to several hundred [78]. 

Kazuma et al. [106] showed that sites in Ag nanorods on TiO2 exposed to higher electromagnetic 

fields generate more hot electrons. After SPP excitation and hot electron generation, oxidized Ag+ 

ions diffuse into the water layer, adsorb on the TiO2 substrate, and eventually recombine with 

electrons from TiO2, leading to the formation of satellite redeposited Ag islands, as shown in 

Fig. 15 (top). 
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Fig. 15 (Adapted from [106]) Oxidation of Ag nanorods and redeposition of small Ag nanoparticles takes place as a 

result of plasmon-induced charge separation. After LSPR excitation and hot-electron generation, the oxidized Ag+ 

ions diffuse in the water layer adsorbed on the TiO2 substrate and eventually recombine with electrons from TiO2, 

forming satellite redeposited islands. The AFM images show Ag nanorods with various aspect ratios (ARs) that have 

undergone excitation of multipole plasmon modes from m = 1 to 4 after irradiation with 800 nm. The rods 

experience changes in length depending on the incident wavelength and mode excited. The horizontal scale bars are 

50 nm in length. 

This effect was observed in nanorods with different aspect ratios that sustained different 

multipole plasmon modes (m is 1, 2, 3, 4), as shown in the atomic force microscopy (AFM) images 

in the bottom of Fig. 15. Islands appeared in the regions where the SPP electromagnetic field was 

more intense, confirming the hypothesis that the charge generation process is induced and/or 

enhanced by the intense fields on the nanostructures. 
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2.3.4. Waveguide Detectors 

Schottky photodetectors based on IPE, integrated with a thin metal stripe waveguide in symmetric 

[17] and asymmetric [2] claddings have also been proposed, operating with long range and single-

interface SPPs, respectively. Fig. 16(a) shows a sketch of an asymmetric SPP waveguide 

photodetector consisting of a thin narrow metal stripe on Si with air on top [2]. Structures were 

fabricated as Au or Al stripes on n-Si forming Schottky contacts thereon. The sab
0 mode [107], 

localised to the metal-Si interface, was excited at wavelengths below the bandgap of Si via butt-

coupling to a tapered polarisation-maintaining single mode fiber (PM-SMF). This mode 

propagates along the metal-Si interface with strong absorption, creating hot carriers in the metal 

along the Schottky contact, some of which cross over the Schottky barrier and are collected as the 

photocurrent. Fig. 16(b) presents the spectral response in Fowler form of a Au stripe of width 2.5 

μm and thickness 135 nm on n-Si, for a reverse bias of 0.2V and an incident optical power of 2 

mW [2]. The intercept with the abscissa yields the cut-off photon energy, ~0.765 eV, 

corresponding to a cut-off wavelength of λ0∼1620 nm. Responsivities up to 1 mA/W were reported 

with this photodetector schematic. Fig. 16(c) shows a measured photocurrent map of a Au on p-Si 

detector, generated by scanning a tapered PM-SMF over the end facet (following Fig. 16(a)) using 

a piezoelectric nanopositioner [37]. The Au stripe width and thickness in this case were 1.5 μm 

and 40 nm, the reverse bias was 0.1V, the incident optical power was 1 mW, and the excitation 

wavelength was 1310 nm. The photocurrent was largest when the PM-SMF was perfectly aligned 

with the stripe maximising the overlap between the incident beam and the sab
0 mode of the 

waveguide.  
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Fig. 16 (a) (Adapted from [37]) Sketch of an SPP waveguide detector consisting of a metal stripe forming a 

Schottky contact on Si, excited in the sab
0 mode [107] via butt-coupling to a tapered polarisation-maintaining single 

mode fibre (PM-SMF). (b) (Adapted from [2]) Spectral response of a Au on n-Si detector as sketched in (a), plotted 

in Fowler form. The Au stripe width and thickness were 2.5 μm and 135 nm, the reverse bias was 200 mV and the 

incident optical power was 2 mW. (c) (Adapted from [37].) Photocurrent map (μA) of a Au on p-Si detector as 

sketched in (a), generated by scanning a tapered PM-SMF over the end facet using a piezoelectric nanopositioner. 

The Au stripe width and thickness were 1.5 μm and 40 nm (sketched as the black horizontal line), the reverse bias 

was 100 mV, the incident optical power was 1 mW, and the excitation wavelength was 1310 nm. 

Other studies involving asymmetric metal stripe Schottky detectors include operation under a 

strong reverse bias approaching breakdown where a 10× increase in responsivity relative to low 

bias was reported [108], and a performance comparison of such detectors for two metals on p-Si 

and n-Si, two SPP modes of operation, and several stripe geometries [109]. 

2.3.5. Optical Antenna Detectors 

The electric near-fields produced by nanoantennas can be of much greater intensity than the 

incident electric fields [41], therefore the photo-detection volume can shrink, leading potentially 

to faster devices with compelling signal to noise characteristics [110]. Mousavi et al. investigated 

a SPP photodetector concept, based on the enhancement of electrical near-field in low-defect, low-

doped In0.53Ga0.47As detection volumes located in the gaps of an array of metal nanodipole 

antennas [55]. Significant enhancement in responsivity in the presence of nanodipoles at telecom 
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wavelengths is predicted (∼100 mA/W at 1550 nm). The 3-dB electrical bandwidth of the device 

is estimated based on its RC rise time and the hole transit time through the detection volume for 

the cases of conventional and ballistic transport in InGaAs and is found to range from ∼0.7 to 4 

THz. Knight et al. reported an active optical monopole array which can be considered as a highly 

compact, wavelength-specific, and polarization-specific light detector [60].  

Desiatov et al. proposed a nanoscale broadband Si plasmonic Schottky photodetector with high 

responsivity and improved signal to noise ratio operating in the sub-bandgap regime [84]. Fig. 17 

(a) and (b) show SEM images of a typical fabricated device [84]. The apex of pyramid was found 

to be ~50 nm. Due to the large cross-section of the pyramid, light is collected from a large area 

which corresponds to its base, concentrated toward the nanoapex of the pyramid, absorbed in the 

metal, and generates hot electrons. At the apex of the pyramid, the electric field intensity is 

enhanced by a factor of ∼30 compared with the electromagnetic intensity in the base of the silicon 

pyramid. Theoretical investigation proves that most of the hot electrons are generated in the 

metallic part of the pyramid close to the pyramid’s apex. Fig. 16 (c) shows the measured I-V 

characteristic of a typical device for different wavelengths of illumination at a constant incident 

optical power. The responsivity of the device is found to be 5, 12, and 30 mA/W for incident 

optical wavelengths of 1550 nm, 1300 nm, and 1064 nm, respectively. 
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Fig. 17 (Adapted from [84]) SEM images of a plasmonic enhanced Si pyramids, (a) Formation of the nanoapex in 

the silicon pyramid. (b) SEM image of a final fabricated device, (c) I-V measurements of the pyramid Schottky 

device at constant optical power for three different wavelengths and dark measurement. The inset shows the 

photocurrent versus optical power data and linear fit for 1550 nm wavelength. 

Beside the ability in tunability of operating wavelength and bandwidth in SPP photodetectors, 

there are many interesting plasmonic structures which enable a straightforward tailoring of the 

polarization dependence. In the past decade, SPRs have been employed in creating metamaterials 

offering interesting optical properties such as strong chirality [111] which is some orders of 

magnitude higher than that of chiral molecules. Distinguishing between the two polarizations of 

circularly polarized light (CPL) is an inherent issue and a big problem with conventional 

photodetectors due to the fact that conventional semiconductors lack intrinsic chirality. Li et al. 

proposed a nanoantenna CPL photodetector in which the ability to distinguish left-handed 

circularly polarized (LCP) light and right-handed circularly polarized (RCP) light are obtained 

from the engineered chirality in metamaterial plasmonic nanostructures [112]. Fig. 18(a) shows a 

periodic array of chiral metamaterials consisting of a unit cell of Ag nanoantenna on top of a 

PMMA spacer and an optically thick layer of Ag as backplane forming a Schottky interface 
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between Si and Ag nanowires. Generated hot electrons can then be captured and the high circular 

dichroism (CD) directly leads to enhanced discrimination between LCP and RCP in the CPL 

photodetectors. Fig. 18(b) and (c) show two fabricated (left-hand) LH and (right-hand) RH chiral 

metamaterials arrays and their theoretical and experimental responses. Responsivities are obtained 

by illuminating the metamaterials with a CP laser source and measuring photocurrent as a function 

of the laser handedness and wavelength. The peak value for responsivity is ~2.2 mA/W 

corresponding to a quantum efficiency of ~0.2% which is two times that of chiral organic 

semiconductor transistors reported in [113]. 

 

Fig. 18 (Adapted from [112]) (a) Schematic of the CPL detector consisting of a chiral metamaterial integrated with a 

semiconductor that serves as a hot electron acceptor. The Ohmic contact on Si is formed by soldering indium. The 

circuit is formed by wire bonding to the silver bus bar and indium, (b), (c) Photoresponsivity spectra of 

experimentally measured (dots) and theoretically calculated (solid curve) under LCP (blue) and RCP (red) 

illumination for LH (b) and RH (c) metamaterials. 

One can combine this CPL photodetector with an existing linearly polarized IPE 

photodetectors and make a hot electron polarimeter with the ability to determine the Stokes 

parameters or the sates of polarization (SOP) of an arbitrarily polarized beam. 
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2.3.6. Theoretical Investigations and Proposals 

A complete review of the theory of IPE in Schottky junctions has been reported, and the Vickers 

model enriched by Casalino et al. [114]. The conventional Fowler equation used in the description 

of IPE was modified. They propose an analytical formulation to calculate the metal thickness that 

maximizes the efficiency of the devices. An important point addressed by this work is to determine 

if IPE-based Si devices have the potential to compare with photodetectors based on III-V 

compounds (e.g., GaAs and GaAsIn) and play a key role in telecommunications.  

In general, plasmonic nanostructures are deposited on top of the semiconductor, which is 

convenient from the fabrication point of view but this causes only a small percentage of hot 

electrons to be excited with a wavevector permitting transport across the Schottky barrier. 

Embedding the nanostructure into the semiconductor introduces vertical Schottky interfaces, 

which permit emission of ballistic electrons over the Schottky barriers into the semiconductor, 

increasing the internal quantum efficiency. Scales and Berini presented phenomenological models 

for the internal quantum efficiency of Schottky barrier photodetectors suitable for the detection of 

optical radiation below the bandgap energy of the semiconductor based on IPE from the metal into 

the semiconductor substrate [68]. They studied both single and two Schottky barrier 

configurations. The double-barrier case provides higher enhancement due to emission over two 

barriers. The models proposed are based on assessing the emission probability of hot carriers as a 

function of their energy, taking into account multiple reflections within the metal film and energy 

losses due to internal scattering. Following this model, a Schottky contact detector comprising a 

symmetric metal stripe buried in p-type Si, capable of detecting SPPs at wavelengths below the 

bandgap of Si, is described in [17]. End-fire coupled responsivities of about 100 A/W and 

minimum detectable powers of about −20 dBm are predicted at room temperature. They also 
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comprehensively studied the internal quantum efficiency, responsivity, and sensitivity of 

symmetric surface-plasmon waveguide Schottky detectors, consisting of a thin metal stripe buried 

in Si. Responsivities of 0.1 to 0.21 A/W and receiver sensitivities of −24 and −18 dBm are 

predicted for 1.5 and 10 GHz electrical bandwidths (~2.5 Gbit/s and >; 10 Gbit/s), respectively. 

Knight et al. determined that embedded nanowires, under normal incidence can produce a 25× 

greater efficiency than comparable planar Schottky devices [115]. This clearly suggests that 3D 

Schottky barriers can be a key design feature for increasing the efficiency of plasmon-based 

photodetection. A polarization-insensitive and high-efficiency plasmonic sub-bandgap Si Schottky 

photodetector operating at telecom wavelengths via IPE is proposed in [116]. The proposed 

structure, shown in Fig. 19(a), consists of a Si ridge waveguide, a Au Schottky electrode (of 

thickness hAu) covering both the top and sidewalls of the Si ridge, an aluminum (Al) Ohmic 

electrode on top of the Si slab, and a thin SU8 insulating film (of thickness hSU8) separating the 

two electrodes. The hot carrier emission probability P(E) is a very important factor in the 

estimation of the internal quantum efficiency. Depending on the configuration of the structure, the 

emission cone may consist of one of the sub-figures shown in Fig. 19(b). For the proposed detector, 

P(E) for Au-Si round interfaces follows the same expression as that for flat interfaces (See Fig. 

19(b) top-right side one). By comparison with a diode with only a top Au contact, the polarization 

dependent responsivity is significantly minimized in this photodetector and higher responsivities 

for both TE and TM polarizations are achieved over a very broad wavelength range of 1.2-1.5 μm.  

Figs. 19(c) and (d) show the effects of hAu on the responsivity (R) and polarization dependent 

deviation (PDD) of the device. Specifically, changing hAu changes the total absorption and the 

responsivity of the detector and also the polarization dependence of the responsivity. When hAu ≥ 

50 nm, the absorption spectrum no longer changes very much for both TE and TM polarizations, 



53 

 

because the optical field is tightly confined to the Au–Si interfaces and it can be sufficiently 

absorbed with a 50 nm thick Au film. However, PDD is very large over the whole wavelength 

range for hAu ≥ 50 nm. As hAu decreases, PDD decreases first and then quickly increases. At hAu 

=10 nm, the internal quantum efficiency is the highest in each part of the Au film among all the 

cases.  

 
Fig. 19 (Adapted from [116]) (a) Three-dimensional schematic diagram of the proposed Si photodetector, (b) 

Emission cones with angle, Ω: (top-left) a momentum-space illustration; (top-right) real-space illustrations for round 

Au-Si interfaces and (bottoms) an asymmetric corner denoted by the red dashed rectangles when (left) Ω ≥ π/4 and 

(right) Ω <π/4, (c) responsivity, R, for both TE (solid lines) and TM (dotted lines) polarizations, and (d) polarization 

dependent deviation PDD of responsivity, for photodetectors with hAu = 10, 20, 30, 50, 70, and 90 nm. The SU8 film 

thickness is hSU8 = 60 nm. 
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Therefore, the responsivity spectrum rises to the highest level, especially in the short 

wavelength range, even though the absorption spectrum lies in the same range as the other cases 

with larger hAu. In this case, the internal quantum efficiency dominates the responsivity spectrum. 

2.4. Summary 

This review highlights opportunities for the generation and use of plasmon-induced hot carriers in 

metallic nanostructures on semiconductors. EHP creation and IPE have both been used extensively 

as detection mechanisms. Interest in IPE is motivated by the fact that it enables sub-bandgap 

detection so the optical bandwidth of a detector can be extended to photon energies below the 

bandgap of the semiconductor. IPE-based SPP photodetectors typically combine a metallic 

structure that supports SPPs, such as a planar or grating structure, metallic nano-particles, or holes 

in metal films, with a semiconductor detector structure such as a Schottky or pn junction. Several 

investigations aim at improving the efficiency of detectors based on IPE by exciting SPPs along a 

metal contact forming the device. Target applications of IPE are very broad, but improving the 

efficiency of solar cells and providing infrared detection at telecom wavelengths in Si are 

frequently evoked. 

Although performance and reliability of SPP-induced hot carrier generation has been 

comprehensively proposed and observed in many works highlighted in this review paper, further 

fundamental studies are needed to optimize these processes for viable technological applications. 

Particularly, it will be important to determine more precisely the timescales involved in hot carrier 

relaxation and what physical and chemical parameters influence these timescales. Properties 

inherent to SPPs are exploited to convey useful characteristics to detectors in addressing 

applications such as low-noise high-speed detection, single-plasmon detection, near and mid-
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infrared imaging, solar energy conversion and (bio)chemical sensing. The prospects for combining 

SPPs with detection structures are bright. 

Finally, it is worth to summarize some of described photodetector architectures involving SPPs 

and LSPRs that appear particularly promising as follows: 

Gratings: Early investigations were based on grating-coupled detector structures. Corrugated 

grating couplers were used initially to create integrated and compact structures which are of high 

interest today. Table 1 briefly reviews the structures and characteristics of the devices explained 

in this paper: 

Table 1 Characteristics of some grating-based photodetectors 

Reference Structure / Material 

R @ zero bias 

(mA/W) 

Optical BW 

(THz) 

Electrical 

BW (GHz) 

Wavelength 

(nm) 

[25] Disk arrays / Au/Si 0.0375 NA NA 1500-1600 

[58] Nano-slit / Au/Ti/Si 0.6 13 NA 1290-1635 

[24] 

Nano-slit, ring / 

Au/Si 

0.038 NA NA 1500-1600 

[90] Nano-slit / Au/Si 12.74 3747 26 1520-1620 

Other interesting similar structures can be found in [34], [48], [86], [87], [88] and [89]. 

MIM, MOM, MSM and MIS: Referring to this point that in modern optical communication 

systems, size, responsivity, dark current and photocurrent of a detector are very important, these 

kinds of detector structures are popular for high-speed operation because the contact architecture 

lowers the capacitance and carrier transit times. It is promising to design the contacts in such a 

detector simultaneously as a nanowire grating to couple incident light to SPPs thereon, such that 

they overlap strongly with the detection region. Table 2 briefly reviews the structures and 

characteristics of the devices explained in this paper: 
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Table 2 Characteristics of some MIM and MSM photodetectors  

Reference Structure / Material 

R @ zero bias 

(mA/W) 

Optical BW 

(THz) 

Electrical 

BW (GHz) 

Wavelength 

(nm) 

[93] MIM / Au/Al2O3/Au 0.55 NA NA 400-700 

[94] MIM / Ag/TiO2/Ag 0.1 1.13 NA ~1550 

[95] MSM / Cu/SOI/Al 0.01 NA 1 ~1550 

Other interesting similar structures can be found in [30], [91], [92] and [97]. 

Nanoparticles: As light strikes metal nanoparticles, SPP resonances can be excited thereon, high 

near-field enhancement factors can be generated, and strong absorption or scattering leading to 

light trapping can occur. These effects are useful to increase the absorptance of detectors, 

particularly those based on a thin absorption layer, or at wavelengths where the absorption is low. 

These effects are promising to improve the performance of thin-film Si or organic solar cells with 

application to photovoltaic and catalytic devices. Table 3 briefly reviews the structures and 

characteristics of the devices explained in this paper: 

Table 3 Characteristics of some nanoparticles-based photodetectors  

Reference Structure / Material 

R @ zero bias 

(mA/W) 

Optical BW 

(THz) 

Electrical 

BW (GHz) 

Wavelength 

(nm) 

[12] Nanoislands / Au/Si 2 150 NA 1250-1550 

[99] Nanoislands / Au/TiO2 NA 3480 NA 600-630 

[103] Decorated / Ag/TiO2 NA 3000 NA 640-700 

[105] Flower-rods/ Au/ZnO NA 3150 NA 500-600 
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Other interesting similar structures can be found in [117], [100], [101], [102] and [104] 

Waveguides: SPP waveguides can be formed into SPP photodetectors by replacing a dielectric 

region with a detection medium. Such detectors are attractive because they can be integrated with 

other plasmonic or photonic waveguides, they can increase the absorptance, shrink dimensions, 

enhance the detection process by exploiting enhanced or localised guided fields, and provide broad 

electrical and optical bandwidths. Table 4 briefly reviews the structures and characteristics of the 

devices explained in this paper: 

Table 4 Characteristics of some waveguide-based photodetectors  

Reference Structure / Material 

R @ zero 

bias 

(mA/W) 

Optical 

BW (THz) 

Electrical 

BW (GHz) 

Wavelength  

(nm) 

[37] Asymmetric metal stripe / Au/p-Si 0.95 NA NA 1300-1620 

[109] 

Asymmetric metal stripe / Au/n-

Si, Al/n-Si 

0.25 NA NA 1300-1620 

Other interesting similar structures can be found in [2] and [17], [107] and [108]. 

Nanoantennas: Optical nanoantennas are passive structures that capture part of an incident optical 

wave to produce oscillating near-fields at defined locations along its geometry. Combining this 

function with photodetection leads to integrated nanoscale photodetectors having compelling 

characteristics, as the antennas allow the detection volume to shrink, leading to fast devices with 

high signal-to-noise characteristics, and to polarisation-resolved spectroscopic nano-detectors. 

Such properties have attracted much interest lately, due to the implications they have both in 

fundamental research and in technological applications. Table 5 briefly reviews the structures and 

characteristics of the devices explained in this paper: 

Table 5 Characteristics of some nanoantennas-based photodetectors  
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Reference Structure / Material 

R @ zero 

bias 

(mA/W) 

Optical 

BW (THz) 

Electrical 

BW (GHz) 

Wavelength  

(nm) 

24 

Nanodipole array / 

Au/In0.53Ga0.47As/InP 

100 3300 4 1520-1600 

55 Nanopyramids / Al/Si 30 NA NA 1000-1200 

87 

Nanochiral / 

Metamaterial/PMMA/Ag 

2.2 2000 NA 1300-1500 

Other interesting similar structures can be found in [41], [110] and [111]. 

 

Authors’ note: This review article comprehensively surveys and compares the most recent 

cutting-edge surface plasmon-polaritons IPE-based photodetectors reported until mid-2016. From 

the time of submission of the paper to now, more research with promising results has been reported 

in the literature in this topic which we did not address them yet. In terms of responsivity which is 

the main interest of this chapter, it has been shown in [118] that the insertion of a graphene 

monolayer in between the metal and the semiconductor greatly enhances the internal quantum 

efficiency to about 7% and responsivity to the record number (at the time of writing this thesis) of 

85 mA/W. At a reverse bias of 3 V, they achieve avalanche multiplication, with 0.37A/W 

responsivity and avalanche photo-gain ∼2. 
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3    Chapter: Design, Fabrication and Measurement of a High-

Responsivity Sub-Bandgap Hot-Hole Plasmonic Schottky Detectors  

The following article entitled “High-responsivity sub-bandgap hot-hole plasmonic Schottky 

detectors” was published in Optics Express, Volume 24, Issue 20 on Oct. 2016 and is presented in 

full. Fabrication of gratings are done in Carleton University Fabrication Lab and Berini Lab at the 

University of Ottawa under supervision of Anthony Olivieri. Numerical simulation, AFM and the 

experimental results are solely done by the primary author under the supervision and guidance of 

the co-authors. The characterization was performed entirely at the Berini Lab at the University of 

Ottawa. 

In this manuscript, we propose a novel sub-bandgap photodetector consisting of a metal 

grating on a thin metal patch on silicon, which makes use of the enhancement produced by the 

excitation of surface plasmon polaritons at the metal-silicon interface. The grating is defined via 

e-beam lithography and Au lift-off on an Au patch defined beforehand by optical lithography on 

doped p-type silicon. The surface plasmon polaritons are absorbed by the metal, leading to the 

creation of hot holes that can cross into the silicon where they are collected as the photocurrent. 

We report infrared responsivities among the largest achieved to date. Given the small area of each 

detector, thousands can be densely integrated into arrays over the surface of the substrate. The 

Schottky photodetector can be used in, e.g., non-contact wafer probing or in short-reach optical 
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communications applications. The experiments were performed at the Berini Lab at the Centre for 

Research in Photonics in the University of Ottawa. 

Some comments received from the examination board during the PhD thesis defense are 

carefully addressed in this preamble: 

1- Our definition for p-polarised and s-polarised light: it is quite common to talk about s-

polarised and p-polarized laser beams, incident on optical surfaces or diffraction 

gratings. Usually, p-polarized light is understood to have an electric field direction 

parallel to the plane of incidence on a device, and s-polarised light has the electric field 

oriented perpendicular to that plane. (in fact, the letters have a German origin: s = 

senkrecht = perpendicular, p = parallel.) According to that definition, we can obtain 

vanishing reflectivity of a surface at Brewster's angle for p-polarization. That's easy to 

remember: “p” is closer to “B” (like “Brewster”), so Brewster's trick works with p 

polarization. In the context of diffraction gratings, the opposite definition can be found 

in the literature. Here, “s” still means perpendicular, but in that case perpendicular not 

to the plane of incidence, but to the lines of the grating. So for s polarization, the electric 

field vector is perpendicular to the lines, i.e., it lies in the plane of incidence. 

Notably, laser beam is sometimes called s-polarised, when its polarization is vertical, 

i.e., perpendicular to the lab's floor. It is better, though, to restrict the terms s 

https://www.rp-photonics.com/laser_beams.html
https://www.rp-photonics.com/diffraction_gratings.html
https://www.rp-photonics.com/diffraction_gratings.html
https://www.rp-photonics.com/brewsters_angle.html
https://www.rp-photonics.com/laser_beams.html
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polarization and p polarization to cases where the polarization direction with respect 

to a plane of incidence is relevant. 

2- Schottky barrier height, relative to the Fermi level is denoted by B in eV throughout 

this paper. It may be used as qB (in eV) in the next chapters. 

3- Throughout the paper, during the design of each structure using FDTD method, we did 

consider frequency dependency of any material in use. This point is not explained in 

the papers, instead we mentioned the database we have applied to the method.  

4-  Energy bandgap diagram in Fig. 1 is not correct in the published paper, hv energy 

arrow on energy band diagram must be smaller than Eg. Here we fixed the picture: 
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4    Chapter: Design a High-Sensitivity Schottky-Contact Plasmonic 

Nanoantenna  

The following article entitled “Schottky-contact plasmonic dipole rectenna concept for 

biosensing” was published in Optics Express, Volume 24, Issue 20 on Feb. 2013 and is presented 

in full. The article represents work performed solely by the primary author under the supervision 

and guidance of the co-authors. 

In this manuscript, we present an array of metal nano-dipoles supporting short-range 

surface plasmon polaritons (SPPs) integrated into a silicon-based Schottky-contact photodetector. 

Photodetection occurs via the internal photoelectric effect for photon energies above the Schottky 

barrier height and below the bandgap of Si. Excitation through the substrate by a normally-incident 

plane wave polarized along the length of the dipoles excites a specific strongly-confined SPP mode 

on the antennas (𝑠𝑎𝑏
0 [P. Berini, Phys. Rev. B 63, 125417 (2001)]). Calculations of the spectral 

response of the device predict a high responsivity of 100 mA/W and practical minimum detectable 

powers of −12 dBm in the infra-red (1310 nm). The proposed device was also investigated for use 

as a biosensor by computing its bulk and surface sensitivities. Sensitivities of ~250 nm/RIU (bulk) 

and ~8 nm/nm (surface) in water are predicted. In terms of changes in photocurrent, an incident 

optical power of 1 mW would yield a change of ~1 A as an adlayer grows to 5 nm in thickness, 

which is readily measurable. We also apply a transmission line model to describe the performance 

of the antennas, and we extract two useful formulas to predict their bulk and surface sensitivities. 

We prove analytically that the sensitivities of dipoles are much greater than those of similar 

http://prb.aps.org/abstract/PRB/v61/i15/p10484_1
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monopoles and they show that this difference comes from the gap in dipole antennas where electric 

fields are strongly enhanced.  

Correction in Fig.3: Labels A and R must be swapped. The curves, data and colors assigned 

all are right, but there is a mislabeling in the axes. The corrected figure is the one that A is at the 

left axis and instead R is at the right axis. 

Correction in equation (9): f (x,y) must change to f (y,z) 

Discussion on equations (7) to (9): we calculated the characteristic impedance of 

transmission line model using this definition: Z0 = P / I2, however it may happen that someone 

uses another definition such as Z0 = V2 / P and get different characteristic impedance value. Final 

value for Z0 should be approximately same using both methods. 
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5    Chapter: Optimization of Plasmonic Nanoantennas for Sensing 

Applications: Consideration of Materials and Wavelengths 

The following article entitled “Optimization of Plasmonic Nanodipole Antenna Arrays for Sensing 

Application, was published in IEEE Journal of Selected Topics in Quantum Electronics, Volume 

20, Issue 3 on May 2014 and is presented in full. The article represents work performed solely by 

the primary author under the supervision and guidance of the co-authors. 

In this manuscript, authors present the optimization process for a plasmonic nanodipole 

antenna array designed and discussed in chapter 4. The nanoantenna supports short-range surface 

plasmon polaritons (SPPs), in order to improve its sensing properties such as bulk sensitivity. 

Authors supposed that the array is integrated on a commercially used substrate (either silicon or 

glass) and covered by water which selected in anticipation of an eventual biosensing application. 

Using modal analysis, a full parametrical study has been carried out on the dimensions of 

nanodipoles in three relevant wavelengths, 850 nm, 1310 nm and 1550 nm. The optimized values 

were found to get more bulk sensitivity; results show a good performance over a wide range for 

nanodipole dimensions which help in the fabrication of the sensor. They show that the sensor with 

glass substrate gives more bulk sensitivity than the silicon type. Maximum bulk sensitivity is 

predicted at wavelength of 1550 nm as of 1000 nm/RIU for the glass substrate type and 500 

nm/RIU for the silicon substrate type. Finally, some of the results are validated using full 3D FDTD 

solutions.  
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6    Chapter: Sub-Bandgap Photodetection with Electrically-Vontacted 

Plasmonic Nano-antennas on Silicon  

The following manuscript entitled “Photodetection with plasmonic Schottky-contact nano-

antennas” is prepared to be submitted to the Optics Letters and is currently under review. The 

article represents work performed solely by the primary author under the supervision and guidance 

of the co-authors. Anthony Olivieri helped with the fabrication of nanoantennas. The 

characterization was performed entirely at the Berini Lab at the University of Ottawa. 

The article represents the experimental results of the proposed nanoantenna. Authors 

propose a broadband and high-efficiency plasmonic Schottky diode using the concept of 

nanoantenna for detection of sub-bandgap photons in the optical communication wavelength range 

through internal photoemission (IPE). Using the extensive physical model on IPE (discussed in 

chapter 4) of hot carriers (here, holes) high values for responsivities for the proper polarization are 

achieved over a broad range of wavelength. Moreover, the Schottky contact area is only 500μm2, 

leading to a very small dark current ~3.8μA. This design is very promising for practical 

applications in high-density silicon photonic integration. 
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7    Chapter: Conclusions and Future Work  

7.1. Concluding remarks 

The preceding articles presented the development of two types of photodetectors: grating coupler 

based detectors and nanoantenna based detectors, which, both, in terms of responsivity and 

operating wavelength, are the first device of these types to be demonstrated in the literature: 

- A novel plasmonic Schottky photodetector consisting of a Au nanograting on a thin 

metal patch on p-type Si was proposed. This device provides detection via the IPE of 

hot holes generated in the patch along the Schottky contact. This structure produced 

some of the highest responsivities reported to date in the literature, of about 13 mA/W 

at 0 ~ 1550 nm (with low electrical bias). Gathered into arrays, these small area 

devices are capable of aggregate bandwidths into the Tb/s range. These detectors have 

many important advantages such as simplicity, compatibility with silicon, and low-cost 

fabrication. 

- A highly sensitive design using the concept of an optical nanoantenna was proposed. 

Arrays of Au nanodipole antennas form a Schottky contact to Si. They have been 

investigated theoretically and experimentally for use as a wavelength-selective sub-

bandgap photodetector and biosensor. Photodetection occurs via IPE for photon 

energies above the Schottky barrier height but below the bandgap of Si. As a biosensor, 

the nanoantenna structure offers significant advantages as it simplifies the interrogation 

set-up: only the photocurrent generated by the device need be monitored, and the 

excitation optics cane be located at the bottom and are physically separated from the 

micro-fluidics which can be located at the top of the device. Compelling sensitivities 

are predicted for dipoles: 250 nm/RIU of bulk sensitivity and 8 nm/nm of surface 
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sensitivity (biochemical adlayer in H2O). Also, using a transmission line model to 

represent the dipole antennas, we derive analytical expressions for the bulk and surface 

sensitivities of the structure and validate them via comparisons with numerical results. 

As a detector, we showed that this small structure is capable of producing a high-

responsivity device on silicon at telecommunication wavelengths. 

The main contributions of this thesis could be listed as follows: 

- A comprehensive surveying and comparing of most recent cutting-edge surface 

plasmon-polaritons IPE-based photodetectors is reported; 

- Design, fabrication, measurement of a fast and high-responsivity sub-bandgap 

plasmonic photodetectors operating at telecommunication wavelengths are presented; 

- Design, fabrication, measurement of a high-sensitivity Schottky-contact IPE-based 

plasmonic nanoantenna, targeting telecom and biosensing applications is reported; 

- Optimization theory of a high-sensitivity nanoantenna based Schottky-contact 

photodetectors targeting commercial substrate and wavelengths is reported; 

7.2. Future work 

In view of the main contributions of the present thesis, the author makes the following 

recommendations for future work: 

- Additional experimentation can be done to optimize the grating coupler detectors. 

Perpendicular excitation is an efficient illumination, but the small size of these 



111 

 

detectors requires more precise optical positioners and polarization control (and 

consequently absorbed power).  

- The top surface of the grating ridges is rough, which makes the spectral responses 

broader than expected. It is a strong function of the metal evaporation step and can be 

improved by using a better fabrication process.  

- A more complex experimental setup is needed to evaluate the device’s time response 

for potential use in a short-range high-speed communication link. 

- In addition to investigating nanoantenna devices as high-responsivity photodetectors, 

a full theoretical investigation of their use as a biosensor was also carried out in this 

thesis. A natural next step would be to fabricate and test such biosensors.  

- Electrically contacting the photodetectors was difficult as the probe tip touches, 

scratches, hides or even destroys the device. Also, adding a probe and positioner to the 

experimental setup introduces drift and difficulties in establishing a stable 

measurement. The author proposes a different probing technique to minimize these 

effects to investigate the dark current and photocurrent (ac and dc) in an accurate 

manner. 

- Throughout the thesis, we assumed a room temperature for calculations and 

measurements but it would be very important and worthwhile to consider this factor 

for both photodetectors. Noise – thermal or shot – can be affected by temperature and, 

specifically in the electrical characterization, can be a significant problem. Dark current 

level goes high and monitoring the power peak would be difficult. We predict some 



112 

 

challenging issues related to temperature effects. For example, study of electrical 

bandwidth and sensitivity of these photodetectors versus temperature would be needed. 
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